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mere are already i n  tho 1 ter ture several excellentsUrveys i n  
the same area as this paper l t 5 8  8 , 3 In fact ,  thero has been a recent 
spposium on the subject n, IJevertheless, a brief paper here may not 
be amiss since it i s  recognized that 
International Symposium may not ham been exposed to the problws I 
w i l l  discuss. Therefore, before going into any d e t a i l  on the materials 
problems I bolieve sow explanation of t h e  pro ulsion davfcss and t he i r  
areas of application will also be oppropriate 5,337, (Since this is a 
high t eqpra tu re  technoloboy 8yrcposiu;p I w i l l  not mntion low and ~ O O R  
teloperature problem, although there are  myly of these). 

Controlled spaco t r ave l  is largely a cut te r  of inparting velocity 
changes, varying both i n  magnitude and direction, t o  the space vehicle. 
A spacecraft propulsion system is the device which w i l l .  change the 
velocity of the spacecraft in  ei ther  or  both mgnftude or direction. 
I n  order t o  change i t a  velocity, the propulsion system nust exert a 
force on the body. To exert a force a r t i f i c i a l l y  on a body i n  space, 
a mass must be accelerated from or energy Mlst be discfiarged S o a t h e  
body, thm producing a reaction force on tho body; or  mss or  energy 
must s t r ike  the body, adhering t o  cr being ref lected from It. 
formar slethod is used; the  l a t t e r  method is undcr analytical  study with 
reference t o  the ref lect ion of  photons from the ~un. 

of the  attmdees a t  this 

The 

The factors of major importance i n  obtlxining a given paylozd velocity 
change are the  velocity with which the propollant is e j e z k d  from the 
vehicle by the propulsion system and t h e  ratio of the woight of the 
vehicle plus propellant and pzyload t o  the final w i g h t  of tho vehicle. 
(r;nis r a t io  is frequently called mags ratio.)  Ano:har term ::Xch I 
might mention is specif ic  impulse. 
proportional to the e x i t  velocity of tha propollant. It is &fiosd 
as the  pounds of  thrust (force) produced by t h e  propulsion s ~ % a n  f o r  
each poand of propellant discharged per eccozd. 

The specific impulse is e r s c t l y  

S p c e  propulsion spstens are, i n  general, re fe r red tc ,  as rockets. 
They can be divided into thermal or e lec t r ic  rockots, 
rockets are  either checlicel o r  nucloar. 

The theriJ33. 
In the  chenical t he rma l  rocket 

The author is now associated xith the AZC-E%A$A Space Huclear Propulsion 
Office - Albuquerque Extension, and is located a t  the Los A l a ? l o s  
Scient i f ic  Laboratory, Los -os, New WCG. 



-2- 

. 

f 1 
1 
t 

? 

1 

i 

! 
1 

! 

+. . 

‘ (  

.i 
. ,  

i 

i i  
! 

I 

the combustion of f u e l  and oxidant form a hot combustion gas 
(propellant) which is accelerated by expansion through the nozzle. 
Xn tho nuoloar  tbrm3. roaket the gmm,~a  propeXLmt is pasqed tJrrougt8 
a nuclear reactor and thereby heated. 
through the noszle and so accelerated. 
upon an e lec t r i ca l  power generating system for accelerating the 
propellant, 

The hot propellant Is elrpanded 
‘ifne e lec t r ic  rocket depends 

U q d d  Wopellant Chemical Rockets 

The kinatic theory of gases is direct ly  responsible f o r  the need 
for  high temperatures and associated high temperature materials problems 
in rockets. A propellant is heated i n  both the chezdcal and nuclear 
rocket. It is accelerated by expansion through the nozzle. Now, 
according t o  the kinetic theory of gases, t he  kinetic energy of a gas 
is dependenlt on the tenperahre or, i n  other wor&, temperature is a 
measure of &t i c  energy. 4W2 
velocity 18 proportionel to absolute tenparaturo, ”Ids re la t iomhip  
m y  be rewritten so t h a t  the mean molecular velocity is approxis-ately 
proportional t o  the square root of the combustion teniperature divided 
by the  ~ 3 5 s  or  man molecular might .  Therefore, a high conbustion 
tonperatare and a low xrmn molecular weight of combustion products are 
desired. Ng. 1 shows som liquid propellant combinritions which a re  of 
current interest .  The hydrogen-oxygen propellant conbination is planned 
for  the flE-1 rocket engine, t o  be used i n  the Apollo Prograin, and for  the 
5-2 engine which is being developed fo r  t h e  second stage of Saturn 12-5. 
Note the  combustion temperature of over SSOOo F. 
haw t o  contain this temperature? Obviously, f o r  any sustained duration 
of burnbg, none of o w  cozmentiorA mtels or  alloys w i l l  contain this 
te-zperature. Current practice is t o  Essoxible tho rocket thrust  chmber 
and eqmsion  nczzle of tubing segnents which rcgonerativsly cool the 
rocket, One of the propel- 
l an t s  goes through the  tub- &fore injection in to  the combustion 
c b b e r .  The chwiber i o  thorefore regeneratively cooled. A typicaI 
rocket chaaber and nozzle are sham i n  Fig. 2. €locket engine mnu- 
facturers have fomd themelves on the h o w  of a dileizm. 
comercially pure mtels were used f o r  tub-? be:ccura of t h e i r  high 
tharro;tl conductivfty. 
cooling the inner surface of tho  charnber, In tim, with the use of 
higher cozbustion tenperatures and pi”ess-ucs, 9t was found necessary 
ta go to high t czp ra tu re  s l l o p .  
them& conductivities. 
been dccrezsed t o  rcdninize tha heat loss. Decreasirg the wall  thickness 
decreases tho strength o f  tho  tubing of tho tstructure. I n  addition, 8 
mundane but real materials problexl Xos been the joi!rTx of the tubing. 
Host high tenperatme brazes are very brittle. A rocket c:bi3er is a 
dynamic s t ructwo.  Conventional brazing alloys, as shown i n  Fyg. 3, 
agressively attack the tubkp ra te r ia l .  The ne t  resu l t  is that  t h e  
designer does not bow w h a t  t h o  strength of the alloy is beCiZU~8 a m u  
a l l o y  has been made. 

€3, that is, ,the man molecular 

khat m t e r i o l s  do we 

These tub-7 s&~m3nts are brazed together, 

Initially, 

The high thrnal conductivity is desirable f o r  

Thcisc, bvmver, h v a  much lover 
The w s l l  t h i c k n a s  of the t t i b i q  has therefore 

Careful selection of brazing alloys,  w i t h  a p h a s i s  
on t i g h t  fit, solves this problem. 
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Solid Propellant Roclrets 

Although so l id  prspellant rcckoto have been used for centuries, it 
is only within the last fer* years tha t  they have been iagressively pro- 
rroted as boosters f o r  space f l igh t .  They are nov extensively used f o r  
vxissfics. 
in Me. 4. 
particular reference t o  the throat. The c a s i w  for tho so l id  propellant 
grain generally offers no insurmountable probllom. Current so l id  propel- 
lant rockots are core burners) that is, they burn outwardly from a 
central  hollox space which extends the length of t h e  rocket. The pro- 
pellant i tself  acts as tharmal insulation, protecting the high st rength 
casing from the combustion temperature and prodiicts during n;ost of the 
burning. An additional layer of insulation betweey) propellant and casing; 
may provide further t h e m 1  insulation and d i f fe ren t ia l  thermal expansion 
adjustment 

- 

A simplified sketch of a so l id  propellant rocket is shown 
Tie high tempratare  problem area is the nozzle, with 

i 
, j  

i 

In i t i a l ly ,  rocket nozzles were fabricated from s t e e l  sheet. 
rockets increased i n  s i z e  and bur- duzation, it was found necessary 
t o  provide refractcry abrasion and temperature resist,mt coatings. In 
t ine ,  i n  the  throat, area, even these tiore insufficient. Graphite was 
introduced as n nozzle insert irnd WBS very successful u n t i l  t he  recent 
d o v e l o p n t  of large sol id  propellent rockets. m y  neuer so l id  pro- 
psllants of hisher specific impulse have alumfnwn powder distributed 
thrcugh the grain t o  provide combustion otabi l i ty .  
The abrasive aluminum oxide enlargedthe nozzle throats, frequently 
unevenly, providing a poor basis of control. 

As the 

The aluminum oxidized. 

The refractory metals have bees investigated for application as 
nozzles or  nozzle throat  inserts. 
Unfortunately, these netals $re refractory not only in temperature 
capcbSlity j u t  i n  fabrication. 
cast, wnrorksci condition, including wela . 
Wro-Ght refractory mtals wiLd freqtently shattoy, dm t o  thernal 
 hock, scon af te r  propellant igait2.cn. A .  V. Levy fi38 recently reported 
on a ~ O F J  solution t o  the nsazls prcblosl 12. Yz. Levy advocates t h e  m e  
of Gilvor irnpresEated t u g s t o n  prcparxl by in f i l t r a t ion  of l iquid silver 
by capi l lary action i n t o  a porous i sos t a t i ca l ly  pressed nozzle or  shape 
of tun:sten. 
connected by pores of an everage s i za  of four microcs. 
photoinicrograph of the silver-tungsten conposits before firipg. 13’rrirg 
firing the silver is nelted out. T h i s  Icalting a d  vaporization provide 
heat absorption end cooling fo r  the nozzle. In addition, tus mtcrial 
hes, et  roon snd moderately elevated tenpra tures ,  a’hcost GS high a 
strength as forged tungsten. Also, it h a  gre3tsr &Lctility a d  a lousr 
mdulua. 
and the fracture strength is increased below the ductile-brittle transi- 
tion temperature, 

Yney have been rroderatefy aetisfactory. 

Nozzles fabricated of 
They ore particularly br i t t l e  i n  the 

The silver contcst is approximately 205 by v01u-c~ and is 
Fig. 5 S ~ O G J S  a 

!$hs duc t i l i t y  is higher, the t h s W  conductivity is hisher, 

Therefore it hi lesa susceptible t o  theradl shock, 
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In  this application the material performs i n  a much superior ramer 
t o  forged tungsten or  tungoton alloy. Yet, if one were t o  compare the  
two materiale sololy an t h o  basis o f  tonsi le  st rergth at  h u h  tompra- 
tures, one would choose the forged tungsten, However, enalytical and 
oxperinental s t r e s s  analysis of t h e  nozzle during fir&@ showed that 
the highest thermal stresses were obtained aoon after ignition, when 
the refractory metal i n  the nozzle w a s  below its t rmsi t ion tmqerature. 
This temperature region, below 8000 F., is not  one fo r  which one would 
select tungsten o r  molybdenum, 
I bolieve it is one of tho few composites where the final properties have 
W e n  adventage of the desired properties of the components, rather than 
the propertios not desired. 

I arn impressed by this msterial cornposllie. 

Nuclear Rockets 

The next thermal rocket I wish t o  discuss is the nuclear rocket. 
I mntioned at the  beginning of my t a l k  t h a t  t he  specific j.n-ipulse of a 
propellant was dependent upon the propollant haring a low molecular 
weight and Nghtempra turs .  Since we need no oxidant in a nuclear 
rocket, the  heat being provided by the  nuclear reactor, our molecular 
weight may be a8 low as 2, that of hydrogen. 
the molecular weight of water, the product of conbustion of the hydrogen - 
oxygen motor. 
i ty ,  and a re  not related t o  nn;v conbustion temperature. 
rocket is under considaration f o r  upper stages t o  provide space propul- 
siobafter launching by chemical rockets. Fig. 6 shous the payload 
capabili ty of such a rocket os a function of propellant temperature. 
We 8ee that increasing the gas teweratura  from 3000 t o  SGOOo F. doubles 
the  payload. 
have indicated that the  nuclear rocket m.ut operate at tecpsratwcs over 
3500° F. i f  it is t o  be colr.petitivs with the chmical  rocket. 
due t o  the  low bulk density of l iquid hydrogen a13 t o  t h e  higln weight of 
the reactor. 
within the  reactor and within tihe f u e l  elements pose severe problem. 
Considerable a t tent ion has been paid t o  graphite by the  Los Alaj?os 
Scfentific Laboratory 8. A reactor, using graphi-to base elmants, has 
been operated on the ground. 
thermal shock resistance, high melting o r  vaporization point, and very 
easy fabrication. 
Reference 9 indicates t ha t  studies are under way a t  the Argcnne Hational 
Laboratory on tungsten matrix materials for  fuel elexents. 
cocll>atibflity of various materials with one another and with hydrogen at 
temperatures up t o  5000° F. have been reported US&. 

This is contrasted t o  18, 

Temperature8 hare are dependent upon the reactor capabil- 
me nuclear 

Also, althoqh it is  not shown on this chart, other studies 

l U s  is 

The reactor i t s e l f  ( R i g .  7) and t he  mterials problem 

Graphite has the advaxkge of excellent 

Eouever, it reacts a t  high texperatures w i t h  hydrogen. 

Stardies of 

Requirenents for fue l  elements i n  the reactor m y  bo smmriaed:  
The vatrix and fissile material should not reac t  with ecch other o r  with 
hydrogen. 
repeated thermal shock and m h i m u n  f i s s ion  damge. 
should be capable of fabrication in to  roquired shapes. 
that material selection and coEbination wfU.  vary with reactor design 
which nay, i n  turn, vary with mission roqsirsmnt. Tbre appears t o  be 
mre potential  snd need for repeated re-start with the nuclear rocket 
compared with the chemical rocket. 

The elements should have adeqcate strength and r e s i s t a c e  t o  
The cxitcrials selected 

It is probnble 
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Another dir-ficult problem area for materials in the nuclear rocket 
is the nozzle. 
08 t h P & i O  Bncoun-brad t o  date br chond.ooL rochOt8. 
cvailcb3.o for regeacratively cooling t he  nozzle which m y  be fabricated, 
ULQ chesllcal rocfrat nozzla ,  fron nickel or  nickel base alloys. 
B&mncs 10, an analyticriL stuw, concludes that nickel is only 
swrginslly auitablo, if at a l l ,  for tho regmeratively cooled throat 
of a nuclear rocket. Items 2 and 3 in Reference 10 hdicate that the 
authoro haw diverted their at tent ion to  refractory metals which they 
are now studylnE for rocket nozzle application. They would u30 these 
nabrialo in shoat structures wi'thout rczenerative cooling, dependhg 
upon high feqperature operation and cool- by rzdiation. Aoother 
possibi l i ty  is t o  fabricate the nozzle fron tungsten but back it with 
a supporting structure, perhaps of graphite. 

The nozzle m y  a p r i e n c o  heat fluxes twice as great 
Liquid hY&OgOn i c l  

I feel  t h a t  one type of material tjiifc'n hat? been neglected for such 
applications is the dispersion hardened alloy. Fig. 8 shows ocherratically 
the them11 conductivity of dispersed p b o o  hardened materials i n  com- 
parison with those o f t h e  more comon solid solution straxqthoned elloys. 
I m not referrfne here to dispersion hardened mtsridls of the precipita- 
t i o n  hardening type, but to a material which has no solute i n  the Datrix. 
\hen f hava this I kave almost no effect  xpon therm1 conductivity. 
Those materials, thorefore, look very pronisizq both from the viexpoint 
of niaintemce of strength and thsmal cvrxkctivkty a% high tempmature. 
Recent commrcierl devalopmnt of 8 nc3 nickel bas4 d l o y ,  hardolzed by 
thoria, hss u t i l i m d  tho very sensible mpronch of r c x k c i q  the .?zout  
of dispersant t o  that barely nscossary f o r  hardenir??, -&eraby r e t a i n b g  
a largo proportion of the basic ductility of ths PaPlrix Is;. 
materials have sufficient capability f o r  f0r-g tubkc, etc., so that 
they m y  find themelves be- used for such applications. 
hzrdencr does not prevent b r s z i q .  

Such 

Zie 25 thoria 

Tats class of rockets djffars mA,"diy fron the thsrxial rockets I havs 
dcacrfbed. B e  primary difference 13 tha trse of 8 propellant which can be 
readily ionSsed and accelerated elect-si.oally to very high velocities. The 



nolocular weight of the propsllant is a illinor consideration (except fo r  
an olectrothsrmal rocket, a linited concept employing electric powar t o  
heat the propellant). 
propulsions 

?ha equation8 are aimilar to tho80 f o r  ohemiual 

where 
v - rcolecaar velocity 
Q - voltage i qo l zed  on particles OF rralecules 
E = e lec t r ica l  charge iqosod  on particles or molecules 
rn = molecular (particle) weight. 

Since tb voltage l imitation is very high, the low molecular weight of 
the  pzopellant is less significant, and much highor specific hpulses 
appear possible than with thtxrnnl rockets. 

Cesium is xioat frequently mntioned as a propellent. The ionisation 
potential. for cesiwn is below that of the work function of tungsten nnd 
so= other refractory netalsj therefore, cesiuci may readily be ionized 
on a tungsten electrode. Tho posit ively charged cosium ion leaves t he  
electrode surface and is rapidly accelerated by the  e loc t r ic  f ield 
downstre=. 
tion wd fusion, and a lox  s p c i f i c  heat, 
mterial of very fine pore size for the electrodes. 
diotribution of on0 d c r o n  diameter have been imggested. 
spacing i r e  believed necessary to provide a high porcsntage of ionized 
cesiun passing t h rush  the porous electrodes, 
encouragad by th use of high electrode tczpm2twes (2000° F. and over). 
Ths liminterianco of .these teq3rattr?es asd of pxe  8ize3, with Reither 
choking nor enlargenent, f o r  hunch& and thousands of hours vill 
undoubt&ly be a problem. 

Cesium also hes a low mzlting point, low heats of vaporiza- 
Zhe1:o is a nsod for a porous 

Pore, s i zes  and 
This closo 

Righ efficiency is  also 

Other problem fncludo the  dcvzlopxmt of cerzdc e lec t r i ca l  
insulator m d  insulator t o  metal seals, r;hi.ch must be reois'csnt to 
and stable i n  tha presenca of very high v ~ c u u m  and/or alkal i  netal. 
V ~ ~ Q X - S ,  and the developzlont of sputte? rcsiottmt films. 

Although the electrode creates a very cpacJf%c pro'sle~, it hzm not 
rsceivad very much attention loecaase of the grater profw5on of ratcr5als 
p r o b i m  in anstixr area, w i y ,  the g a x r t t i t a  +r" the e'acctrk pxa-r 
nccdeci for the e lec t r ic  rocketa. S h c e  Frofecrsor 1Jstt'i.zghmi i a  discmaing 
di rec t  heat energy coaveraion, I k r i l l  my 8 fez$ words on "&e ruf;srinler 
problem enticfpated in nuclcar turbo-electric system. 
conceptual view of aa eLectric s p n c ~  vohicle. 
rndiator area. T;?is proseats a bczutiful t s q e t  for natooritcs in space. 
Unfo,rtunatoly, wo cz?n n e i t b r  duplicate valocitfes w i t h i n  &he hbrEli;oqy 
t h a t  we anticipate i n  spaco n9r can we accrar~Ltcly prcsdic.t %he cmca t re%ion  
of meteorites in space. 

pig. 9 shc23 a 
Hotice the v c r p l q e  

Elowever, we have been able to 1 2 2 a . s ~ ~ ~  the effects 

. - .  
~ 
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of some variation i n  velocity and project i le  miterial  ln the laboratory. 
Flg. 10 certainly indicates t h a t  high veloci t ies  have ra ther  drastic 
offoots. 
buqers ray be beneficial. Sincs the only way of losing or rejecting 
heat frcm our systen b by direct rodiotlon, t he  addition of a protective 
cover w i l l  tend to decrease efficiancy. The m t e r i a l s  wMch appear 
desirable for  impact resistmcta are also those wMch are d i f f i cu l t  t o  
fabricate, assemble, snd plpply as bwpara 4. 

turbo-electric systen (fig. 33.) cycle mal7ses have indicated that it 
is necessary t o  obtain a syatem specific weight 0f 50 pounds per kilo- 
watt, or  below. !R-ds therefore w i l l  require e rndlator tenperatwe of 
l%Oo F. or thereabouts. 
tu re  requiremisnts upon the rescnindor of the aptern. 
pouor is concerned, one exaple w i l l  suffice: 
a picture from l@rs t o  mrth.) 

Fusrther s t u d h s  have Sndiocstod that protmtive cwera or 

Turning next t o  the turbine-boiler-condenser are8 of the nuclear 

TNs, of course, iq~oses  still highor tempera- 
(So far as t o t a l  

one mgawirtt to televise 

Fig. 12 bdicates the tcmpsrature arid pressure region of concern to 
There aro m y  problem us and ewlains our fnterest  i n  a l k a l i  raotals. 

which nust be considsred here. 
of a container material o r  co*yonent of a container material a t  a hot 
t c q e r a t m e  and redeposftion as a plugg:I.ng ~owder a t  cz cooler tezpsrature 
2nd location. Oeneral co,mpatibility o r  so lubi l i ty  Is mother  problem. 
It has been known f o r  pars that re'bention of 8n oxide or inpuri ty  layer 
on a surface contributes t o  lubrication. 
excellent solvmts  for ox id^:;, it is q p a r c n t  that they will also hinder 
effective boundary lubrication. 
supxsed to operate i n  spscs for D year o r  mre r..3t,.tended, we must con- 
sider the  possibi l i ty  or  liklihood of sclectiva \ -cyr izat ion of t he  
alloy elemnts of the  coa tahor  r & t C r i a l S .  For q2 t -3  sone now, 
thore has bcen strong wnphasiis cn t h o  f a c t  that o x -  nc::Z?d properties 
for niissiles and space w e  a r e  properties which wo m d i  f o r  only short 
duration, In  considering space pcmr systosls we are r o t e -  to long 
periods of time -9 of a year or  EO^. 

con-bainmxt of alkali metals appears t o  hmo only  rn;.&xil s t ~ q 5 h  for 
so= turbo-electric applications. Higher strczglh al loys pose the  problem 
I hava recently mentioned of selective vaporisation. Pocr- uclckbility, 
select ive solubili ty,  and mass transfer we o t b r  poss ib i l i t ies .  

One is t m s  transfar which is t h e  solution 

Since tb a lka l i  metals are 

I n  adfition, since these sy- tem are 

The niobium 1% zirconium &Icy generally favorably coasfdared for 

Another problem is ground sixflation f o r  &eck-out of thass systcjms. 
We b o w  t h a t  tbe a n v i r o m t ,  affects t h o  pro?srties of nang ratorials. 
If we have traces of oxygo~l in oar grvmd ,.;ysten, thesa C E L ~  bo absorbed 
very readily by the refractory mtcds of which it is made. The oxygen 
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m y  Fccztroto end diffuse through the refractory metal, be dlssolvod 
in the alkali netal, the a l k a l i  netal  oxide m y  ro-deposit elsewhere 
i n  the ayston, giving mireleading information or plwging. 
It hss been Found that allal l .  metals cont&ning hlghcr percentages of 
oxygen are mch nora s~reasfve in t h e i r  attack cn container materials. 
All tfiese effects sre under vigorous ettack and study in various labora- 
tories, end it may be hcped that solutions F a i l l  soon be found. 

In addition, 

In concltlsion, I would U e  you t o  consider one aspeut of mtorials 
xhich 1 have not discussed, namely, reliability. Repair in space nay . have i t a  theoretical advantages but spare parts are not readily avirilable. 

i 
1 

/ .  

i 

i 



,;. . ~ . ~ -  

c 

. 

1. 

2. 

3. 

L. 

5. 
6. 

7. 

11 0 

12. 

13 

A a t ,  0 .  P l . 8  Re uiramento for I3i h Tern erature Haterials fo r  Space 
Vehicles. -+ AIIE Con erence - + l i + w ~ m a ~  on 
w d ,  Ohio, April  1961 - -  

Tischler, A. 0. t Space Propulsion and Trends. Specid- Conference, 
Aviation and Space Division, AS% m - 2 6 - 2 8 ,  1962 

Anon.: Chedcal Rocket Propulsion, NASA SP-19. Papers presented 
a t  NASA-Unive-Conhxmce on the Science and Technology of 
Space Ekploration, Chicago, Rl ino i s ,  Covenber 1-3 , 1962 

Diedrich, J. H. and Lieblein, S.: - s l t h  tho Design of Rodiators fo r  Space Power Plnnta, ARS Space 
FOGW Sfstam Coserence , S a n ~ ~ : o o n i c a , ~ f . , ~ t  . 25-28, 1962 

Deutsch. (3. C. and Ault, 0.  M.3 
Rockets, 14issiles and Space V m s > n r m e e  Confe rEe  

O l l b =  L. : 1 ' I s t e r ~ s ~ l e x ? ?  i n  Chemical Liquid Propellant 
Rocket Svstems. NASA f ~ A ~ T m ~  

Eater is ls  Problorrs Associated 

Po:$der H&allurgy f4aterials fo r  

Roth-A.- H. t Spacecraft Propdsior!. Lectures presented a t  
University of Rome, Kay 1959 . Printed by NASA 

Macltillan, De- P. z High Temperature IWer ia l s  f o r  Rocket Reactors. 
Nucleonics. V o l x ,  No. 4, April 196 1, p . 3 5  TC(3hisissue - -  
contains oiher articles on nuclear rockets) 

l ? e e k s y m 9 s ,  p. 3 

Nuclear Rockot -+ Noaz 8. -3-82, 1960 (See m D D - 5 8 6 ,  

An0n.r More Light on Argonnets Tugsten Rocket Reactor. Nucleonics 

Robbins, W. H. : An Anal is of T h e m 1  Radiation Heat 'l&nsfar i n  a 

1 9 6 1 . d m , ' m f  
SAEPE: Symposium on lf%terinls and Processes for  Space Power and 

Prbary Propulsion. 
Levy, A. V. 8 Refractory - Gtsl Application i n  Rocket Wtors. ASH 

1963 Western Xatah Con?;;.ess, Lcs A r i g e l G , ~ . ~  21, 1963 

Fhiloddphia, Pa., June 3-5, 1963 

oangler, J. J. e t  alr Urm&aii Gio:ci.de Compatibility - with Refractory 
7- IGtals, Carbides, €brides, I i i t r iaas  and Oxides between -- 35cio m d  

W F .  -- 
E€ydrogen batmen &500° a n d m  X A S A  Til D-U447961 

Progress, December, m-8 ff. 

NASA TI -19- - 
my, C. E., Eoekstra, P. I).! 

Anders, F. J.m n M c p & o n  Stkgthened Nickel - Alloy. $%tal 

Stnbi l i ty  of Refractory Conpound3 - -h 

I 



c 
c ” 

f .  .*- , ,  c 
)r 

List of Figures 

1 e Liquid Propollant Cornbus*t-lon Tonperatures 

2. Tube Brazed -5cckot Chamber and Nozzle 

3. E&xmrbmcture of Elrazed Joint 

L. Solid Propallant RGCkot 

5. Microstructure of Silver--sten Conposite 

6. Nuclear Rocket Payload Capability 

7. W&clear Rocket Motor 

8, Therm1 Conductivity of Alloy8 

9 .  Electric Space Vehlcla 


